ABSIRACT In this report, we describe the production and characterization of proliferating hybrid cell populations generated by fusion of murine microcells with intact mouse, Chinese hamster, and human recipient cells. The microcell hybrids so produced contained one to five intact murine chromosomes derived from the microcell donor. These transferred chromosomes were maintained as functioning genetic elements in the hybrid cells. Our results firmly establish subnuclear particlemediated chromosome transfer as a valid somatic cell genetic tool.
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Somatic cell genetics represents a useful approach to mammalian genetics and epigenetic studies. These experimental systems depend on the analysis of proliferating hybrid cell populations which contain only a subset of the genetic material of one of the parents. Until recently, such a result was universally achieved via cell/cell hybridization and subsequent chromosome elimination. A more direct approach to the generation of cell lines possessing a limited amount of genetic material of one parent would be the introduction of only a small number of donor cell chromosomes into the recipient at the time of fusion. Such a technique would permit the experimental control of the direction of chromosome segregation, and would also make possible more meaningful studies of the genetic regulation of epigenotype expression. It is now possible to implement these kinds of experiments by fusing subnuclear particles with whole cells.
The potential usefulness of subnuclear particles in hybridization experiments was first shown by Ege and Ringertz (1) by using murine donor material. Johnson and coworkers (2) have independently developed a system for transferring limited numbers of human chromosomes from one cell to another. Both systems are capable of generating small cell-like structures ("microcells" and "mini-segregants," respectively) containing a limited amount of genetic material packaged in a micronucleus. The micronucleus is surrounded by a rim of cytoplasm and an intact plasma membrane, the entire particle thus serving as an efficient vector for the transfer of small numbers of chromosomes.
In this report, we describe the successful transfer of small numbers of murine chromosomes into intact mouse, Chinese hamster, and human recipient cells. These proliferating hybrid cell populations so produced represent successful fusions of rodent-derived microcells with intact recipients. Our experiments firmly establish that chromosomes introduced by microcells can be maintained indefinitely as functioning genetic elements in hybrid cells.
MATERIALS AND METHODS
Three mouse L-cell derivatives were used in this study: A9 lacks Enucleation of micronucleate cells closely followed the procedure used by Ege and Ringertz (1) . Plastic discs to which the cells were attached were placed cell-side-down in centrifuge tubes containing complete medium and spun at 12,000 X g for 10 min at 340 to remove loosely attached cells. The discs were then centrifuged at 39,000 X g for 20 min at 340 in complete medium containing cytochalasin B (10 ,g/ml) (Aldrich). This step resulted in enucleation of >95% of the cells on the discs. The microcell pellets were pooled and resuspended in 2 ml of 0.5% bovine serum albumin (fraction V, Sigma) in phosphatebuffered saline at pH 7.2. At this point, the preparation typically contained 50-60% microcells of varying sizes, 40-50% small cytoplasmic fragments, and 0-10% whole cells.
The crude microcell preparation was purified by unit gravity sedimentation on a linear 1-3% bovine serum albumin gradient (9) . Total volume of the gradient was 50 ml, and the preparation was allowed to settle for 3.5 hr at room temperature. The particle composition of a typical gradient fractionation is shown in Table 1 . A purified microcell preparation was obtained by collecting the top 20 ml (excluding the sample zone) of the gradient and resuspending in 0.5 ml serum-free medium.
For fusion, the purified preparation was added to a confluent monolayer of recipient cells (3 to 9 X 106 recipients, depending on cell line employed). The microcell-to-cell ratio varied from 1:1 to 1:3. jl-Propiolactone-inactivated Sendai virus was added to a final titer of 500 hemagglutination units/ml of serum free medium. The flask was incubated at 40 for 30 min and at 370 for 60-90 min, after which virus and nonadhering microcells were removed from the monolayer with three washes of complete medium. The cells were allowed to incubate 18-24 hr at A9 cells were exposed to colcemid (0.1 14g/ml) for 48 hr. The cells were enucleated as described under Materials and Methods, and the crude microcell preparation was applied to a 1-3% bovine serum albumin gradient. After 3.5 hr at room temperature, 10 fractions (5 ml each) were collected. The preparations were stained with 0.4% aceto-orcein and the particle composition of each fraction was determined by microscopic examination. (12)]. Hybrid clones appeared 2-4 weeks after fusion, were picked by the ring technique, and expanded. Electrophoretic analyses were carried out by procedures described previously (13, 14) . Chromosomes for karyotype analysis were prepared after arresting the cells in mitosis for [1] [2] [3] hr with colcemid (0.1 ,ug/ml). Hoechst 33258 centric heterochromatin staining was performed essentially as described (15) .
RESULTS
The time of exposure of the microcell donors to the mitotic arrest agent used to induce micronucleation was a critical factor influencing the recovery of viable hybrid clones from microcell X cell fusions ( A9 was treated with colcemid (0.1 ,g/ml) for the time period indicated. Microcells were isolated and purified by unit gravity sedimentation as described under Materials and Methods. A9 microcells (5 x 106) were fused with B82 recipients (8 X 106) and HAT-resistant colonies were scored and isolated. The heterokaryon frequencies in experiments I, II, and III were determined by observing 5000 individual cells and were 0.96 X 10-2, 1.14 X 10-2, and 0.88 X 10-2, respectively.
explanation for these findings. Rather, we believe that the genetic material of microcells isolated from donors incubated in the presence of colcemid for extended periods was in a state incompatible with its subsequent maintenance and/or expression in the recipient cell. In all further experiments, conditions for micronucleation of the donor cells were carefully controlled. Chromosome spreads were prepared from 30 of the A9 microcell X B82 hybrid clones, and representative data are shown in Fig. 1 . The modal chromosome numbers of the hybrid clones were consistent with the hypothesis that these populations were the products of microcell X cell fusion events. However, to more firmly establish this point and to more fully characterize the products of microcell X cell fusions, we performed interspecific hybridizations. strongly resembled the microcell donor were isolated. Subsequent analyses showed that these two populations were in fact clones of CT11CI. It is noteworthy that CT11CI is HPRT+, TK+, and thus HAT-resistant. The recovery of only two clones resulting from intact mouse cells contaminating the microcell preparation attests to the efficiency of the purification procedure employed. The practical advantages of this include: (i) one-sided selection can be used in microcell X cell fusions because in our procedure intact donors are virtually eliminated, and (ii) the potential problem of cell X cell fusion occurring between intact donors and recipients is avoided.
The presence of intact mouse chromosomes in the hybrid clones resulting from CT11CI microcell X E36 fusions (ECm and HCm hybrid series) was unambiguously demonstrated with the use of the fluorochrome Hoechst 33258. This dye stains preferentially the AT-rich centric heterochromatin of mouse chromosomes (16) , and the bright chromocenters so produced are diagnostic of the presence of murine chromosomes in both metaphase spreads and interphase nuclei (10; C. Kozak and F. H. Ruddle, manuscript in preparation). Fig. 2A shows a typical metaphase spread prepared from a mouse microcell X Chinese hamster hybrid clone and stained with Hoechst 33258. In addition to the Chinese hamster chromosomes characteristic of E36, four mouse chromosomes with brightly stained centromeric regions are evident in this particular preparation. In Fig. 2B a Hoechst-stained interphase nucleus of the same clone is illustrated; four high fluorescent intensity chromocenters are clearly visible.
By using this staining protocol, we were able to analyze the content of mouse chromosomes in each of the seven hybrid clones. Fig. 3 shows the distribution of introduced murine chromosomes in four of the hybrids when analyzed 2 weeks after isolation. These data were obtained by determining the number of chromosomes with highly-fluorescent centromeres in each of 50 metaphase spreads (hatched bars) and the number DISCUSSION The studies described in this report firmly establish subnuclear particle-mediated chromosome transfer as a valid somatic cell genetic procedure. There are now three operationally distinct modes of genetic manipulation which can be applied to mammalian cells. These are somatic cell hybridization, subnuclear particle-mediated chromosome transfer, and chromosome-mediated gene transfer (4, 18) , techniques which allow the whole genome, one or a few chromosomes, or small pieces of genetic material to be transferred from one cell to another. These distinctly different modes of genetic transfer can also be used profitably in combination.
In our experiments, small numbers of murine chromosomes have been introduced into mouse, Chinese hamster, and human recipient cells. By using the smallest size classes of microcells as fusion material, we have observed between one and five resident mouse chromosomes in the resulting hybrid populations. It is reasonable to expect that by using larger microcells it would be possible to introduce more chromosomes into the recipients, and to determine the practical utility of such an approach for controlling the input of foreign genetic material.
The hybrid lines we have prepared closely'resemble the recipient cell parent in both morphology and growth characteristics. Of the seven mouse microcell X Chinese hamster hybrid clones described in this report, five had a single Chinese hamster chromosome complement (iS hybrids) and two a double set of chromosomes (2S hybrids). The 1S hybrids were virtually identical to the Chinese hamster parent in terms of their growth properties in culture. The 2S hybrids offered a potential advantage in that they tended to retain more introduced mouse chromosomes than their iS counterparts (for example, see Fig.  3 ). These considerations make it possible to generate hybrid cell lines particularly suited to a given experimental goal by judiciously choosing the recipient cell line.
Another major advantage of subnuclear particle-mediated chromosome transfer is that it enables one to predetermine the direction of chromosome segregation in the hybrid cells. That chromosome segregation did in fact occur in microcell hybrids was indicated by two observations. First, the number of mouse chromosomes varied between individual cells of a clonal population. Second, 2S hybrids tended to retain more foreign chromosomes than 1S hybrids. These properties are also characteristic of segregating populations of hybrid cells derived from cell X cell hybridizations (19, 20) .
The question of whether particular chromosomes or combinations of chromosomes tend to be cotransferred with the specific chromosome carrying the selected gene remains open.
The occurrence of such a phenomenon might have implications regarding the organization of metaphase chromosomes during mitosis. If such were the case, then it might be possible to gain some measure of control over which chromosomes were transferred simply by employing different selective conditions for the isolation of the microcell hybrids. We believe that subnuclear particle-mediated chromosome transfer represents an important advance in somatic cell genetic technology. The intrinsic advantages of this approach make it a particularly attractive experimental tool for the study of a wide range of problems of cell and developmental biology. The greatest promise of the system, however, would seem to stem from the possibilities it offers for both genetic analysis and the construction of novel cell populations which contain one or several additional chromosomes of a specified type.
We gratefully acknowledge the technical assistance of Ms. C. Colmenares, Ms. E. Nichols, and Ms. J. Lawrence, and the preparation of the manuscript by Ms. M. Siniscalchi. R.E.K.F. is a Leukemia Society of America Fellow. These studies were also supported by Grant GM 9966 from the National Institutes of Health.
